We isolated deletion mutants of Pseudomonas aeruginosa plasmid R91-5 by both in vitro and in vivo means. Many of the deletion mutants selected on the basis of resistance to donor-specific phages fell into a few groups of apparently identical mutants, although the mutants were nonsibs. By analyzing plasmids with large deletions, we found that the essential replication genes of R91-5 were within a 3.85-kilobase region between coordinates 45.5 and 48.9. The origin of plasmid transfer (oriT) was mapped to a 4.5-kilobase region between coordinates 1.7 and 6.2. We indirectly determined the direction of plasmid transfer from oriT. By combining the data from our analysis of the deletions with data from complementation tests between cloned R91-5 fragments and known reference mutants, we ordered and mapped the 10 known transfer (tra) cistrons of R91-5. All of the tra cistrons mapped within the Tra2 region, and their order was as follows: traX, -Y, -T, -Q, -(V, R), -U, -(S, Z), -W (the cistrons in parentheses could not be ordered with respect to each other).
We isolated deletion mutants of Pseudomonas aeruginosa plasmid R91-5 by both in vitro and in vivo means. Many of the deletion mutants selected on the basis of resistance to donor-specific phages fell into a few groups of apparently identical mutants, although the mutants were nonsibs. By analyzing plasmids with large deletions, we found that the essential replication genes of R91-5 were within a 3.85-kilobase region between coordinates 45.5 and 48. 9 . The origin of plasmid transfer (oriT) was mapped to a 4.5 -kilobase region between coordinates 1.7 and 6.2. We indirectly determined the direction of plasmid transfer from oriT. By combining the data from our analysis of the deletions with data from complementation tests between cloned R91-5 fragments and known reference mutants, we ordered and mapped the 10 known transfer (tra) cistrons of R91-5. All of the tra cistrons mapped within the Tra2 region, and their order was as follows: traX, -Y, -T, -Q, -(V, R), -U, -(S, Z), -W (the cistrons in parentheses could not be ordered with respect to each other).
The conjugational transfer systems of the F and F-like plasmids of Escherichia coli have been studied extensively. For F plasmid 21 Tra cistrons have been identified. For many of the cistrons, the protein products have been identified, and their functions are known (27) . From the as-yet-limited studies on other plasmids, it is apparent that the conjugation system of F plasmid is not typical of all plasmids. For example, the IncP-1, wide-host-range plasmids and the tumor-inducing Ti plasmid have at least two major transfer regions (3, 12) , in contrast to the one major Tra operon of F plasmid (11, 27) .
Electron microscope studies of the pili produced by plasmids belonging to a number of different incompatibility groups have shown that there are many morphologically distinct types of pili (4) . As pili are essential for plasmid transfer, such morphological differences presumably must indicate the presence of different conjugational transfer systems. The existence of different transfer systems has also been indicated by varying efficiencies of transfer and by other factors, such as the ability to mate in liquid media, etc. Therefore it is apparent that in order to understand fully plasmid transfer systems, plasmids other than F plasmid must be studied.
We are interested in understanding the genetic basis of plasmid transfer in Pseudomonas aeruginosa. To this end, we are studying the IncP-10, narrow-host-range plasmid R91-5. This plasmid has been used to map the chromosome of P. aeruginosa strains PAT (23) (6) , and 10 transfer cistrons have been identified (7) . These studies have shown that sensitivity to donor-specific phages (Dps), inhibition of phage G101 [Phi(G101)], and entry exclusion (Eex) are integral parts of the conjugational transfer system. Krishnapillai (15) has described the mutagenic effects of transposon insertion into R91-5, and by analysis of transposon insertion mutants the gene coding for resistance to carbenicillin has been mapped, as has the exact position of transposon Tnl, which occurs naturally in R91-5 and carries the carbenicillin resistance gene (Moore and Krishnapillai, submitted for publication). Two major transfer regions have also been mapped. The transfer genes involved in conjugal DNA metabolism were mapped in the smaller Tral region, and the genes coding for the synthesis and functionality of the pilus were mapped in the large Tra2 region (Moore and Krishnapillai, manuscript submitted for publication).
In this paper we describe the isolation and analysis of deletion mutants of R91-5 and the cloning of certain parts of the Tra2 region. By performing complementation tests for transfers between the deletions and reference mutants from each of the 10 previously identified tra cistrons, we determined the order and locations of the cistrons. The deletion mutants were also used to define the regions of R91-5 that coded for plasmid replication functions and to map the origin of transfer (oriT), a site required in cis for plasmid transfer.
MATERILS AND METHODS
Bateia, bacteriophages, and R plasmids. The bacteria, bacteriophages, and R plasmids used are shown in Table 1 . Plasmids  R91-5  pKT210  pMO153  pMO200  pMO207  pMO209  pMO226  pMO237  pMO313  pMO316  pMO329  pMO334  pMO337  pMO382  pMO384  pMO386  pMO388  pMO818  pMO1032c  pM01033d  pMO1045  pMOlOS0  pMO1052  pMO1053  pMO1055  pMOlOS9  pMO1060  pMO1061  pMO1062  pMO1063  pMO1064  pMO1065  pMO1066  pMO1067  pMO1068  pMO1069' cml-2 prototroph trp-54 rif-Sfon-l met-28 ilv-202 str-1 Selection for donor-specifc, phage-resistant, transfer-deficent mutants. This has been described previously (6).
DNA extract and purification, restriction endonudese dge , and agarose gel elctrophoresis. The methods used were the methods described by Stokes et al. (20) .
Cloning. Fragments of R91-5 were cloned into the vector pKT210 (2) by codigesting 7 ,ug of R91-5 DNA and 1 ,ug of pKT210 DNA and then religating in 0.1 ml of a solution containing 65 mM Tris (pH 7.5), 10 mM MgCl2, 1 mM EDTA, 10 mM dithiothreitol, and 0.1 mM ATP at 11°C for 20 h. The religated mixture was used to transform strain PAO5 by the method of Sinclair and Morgan (18) , and colonies carrying cloned R91-5 fiagments were identified by the colony hybridization method of Grunstein and Hogness (10). R91-5 DNA was labeled by the modified nick-translation method of Willetts et al. (Plasmid, in press ).
In vitro formation of R91-5 deletions. The treatment of R91-5 DNA was the same as the treatment for cloning, except that no vector DNA was added. Colonies carrying transfer-deficient plasmids were identified by replica plating onto a lawn of recipient cells (strain PAO1) and selecting for plasmid transfer.
Complementation tests for plasmid transfer. Complementation tests were performed essentially as described by Carrigan and Krishnapillai (7), with the following modifications; 0.2 ml of a fivefold-concentrated transduction mixture and 0.1 ml of an overnight broth culture of strain PAO5 were premated on a nutrient agar plate for 2 h and then washed off in 0.5 ml of saline. A 0.1-ml amount was plated onto nutrient agar supplemented with 200 ,ug of rifampin per ml and 1,000 p,g of carbenicillin per ml, and the culture was incubated overnight at 37°C before scoring.
RESULTS
Identification of Dps-deletion mutants of R91-5. A collection of transfer-deficient mutants of R91-5 selected on the basis of resistance to the donor-specific phages (Dps-) PRD1 and PR4 were scored for deletions. Of the many Dpsmutants available, we investigated only those that showed a nonleaky Tra-phenotype (<10-8 Cbr mutants per donor). This preliminary selection of mutants was made in the belief that deletions of essential transfer genes could abolish virtually all transfer activity; hence, if only the clean Tra mutants are investigated, the deletion mutants should be enriched. The DNA of each mutant was isolated and subjected to electrophoresis through an agarose gel along with wild-type R91-5 DNA. Deletion mutants were detected by their higher mobility than R91-5. Under the electrophoresis conditions used, deletions of 1.5 kilobases (kb) or more could be detected.
Of 36 mutants isolated on the basis of resistance to phage PR4, 19 had deletions; of 49 PRD1-resistant mutants, 20 had detectable deletions. Therefore, 39 of 85 Dps-mutants (46%) had deletions. The extent of DNA deleted varied considerably among the different mutants ( Fig.  1) .
Physical mapping of the deletions of Dpsdeletion mutants. We determined the extent and position of the deleted DNA for each mutant by analyzing the results of restriction endonuclease digestions (Fig. 2) . By relating the restriction fragments that were missing or altered in the deletion plasmids to their locations on the previously determined physical map of R91-5 ( Fig. 3 ) (Moore and Krishnapillai, submitted for publication), we determined the positions of the deletions. Using this method we could not determine the exact endpoints of a deletion; only the region within which the deletion occurred could be defined.
All mutants were analyzed in this way (Fig. 4) . The most striking feature of the data is that although many of the mutants were isolated independently and hence were nonsibs, they were identical as far as could be determined by this analysis (Fig. 2) . Therefore, although the mutations of 39 deletion mutants were mapped, we identified only eight different classes of deletion mutants. Some classes, in particular the 3.6-and 12.0-kb classes, contained many representatives. All of the deletions except pMOlO50 overlapped a common region around coordinates 11 to 14. Isolation and mapping of in vitro-derived dele- tions. To facilitate the genetic studies of R91-5, we needed a larger range of deletions than the deletions in the Dps-mutants. Therefore, we isolated a number of in vitro-constructed deletion mutants. To isolate such mutants, R91-5 DNA was digested either completely or partially with a restriction enzyme which produced cohesive ends. This DNA was then religated and transformed, and the resulting colonies were screened by replica plating onto a lawn of recipient cells to identify the colonies that contained a transfer-defective plasmid. The plasmid DNAs of such mutants were isolated, purified, and then analyzed with regard to their restriction fragment patterns. Because of the way in which these deletions were generated, it was possible to define the deletion endpoints, as they had to be at restriction sites. To increase the range of deletions obtained, we used not only enzymes for which sites had been mapped previously (Moore and Krishnapillai, submitted for publication), but also BamHI. To determine the exact endpoints of BamHI-generated deletions, it was necessary to map the BamHI restriction sites of R91-5. We did this by analyzing the results of double digestions and BamHI digestions of deletion and transposon insertion mutants. Figure 3 shows the resulting map of BamHI sites.
There are only a limited number of restriction sites around the R91-5 molecule, and hence the range of deletions which could be isolated by this in vitro method was limited. As with the Dps-deletion mutants, no in vitro deletions have endpoints in the region from coordinates 11 to 14, a region which, on the basis of evidence from the Dps-deletions, is important in plasmid transfer. Therefore, in the analysis of plasmid transfer functions, only a few in vitro deletions were useful (Fig. 4) . However, the in vitro deletions were very useful in the identification of the region of the plasmid which is essential for plasmid replication and maintenance.
Mapping of the R91-5 replication region. Regions of a plasmid which are essential for replication and maintenance can be identified by mapping the extent of large deletions and determining the regions of the plasmid which are never lost. The Dps-plasmid deletion derivative that had suffered the largest deletion was pMO1052. In pMO1052 the deletion extended approximately from coordinates 1.0 hence, in obtaining the deletion derivatives described so far, selection was not only for retention of the region coding for plasmid replication and maintenance, but also for the region coding for carbenicillin resistance. It has been shown previously that the carbenicillin resistance gene maps between coordinates 34.1 and 34.9 (Moore and Krishnapillai, submitted for publication), a region within EcoRI fragment C. Therefore, the question arose as to whether EcoRI fragment C was present in the deletion derivatives (e.g., pMO1062 and pmO1059) only because selection was imposed for Cb' or whether it also carried essential replication genes. To answer this question, it was necessary to be able to select for transformants by a different method. To do this, deletion mutants were generated from pMO1045. Plasmid pMO1045 is a derivative of R91-5 which has a copy of TnSOI (a transposon coding for resistance to mercuric ions) inserted at coordinate 48. 9 . We chose TnSOI insertion derivative of R91-5 because the transposon was inserted into a region which, on the basis of the data already presented, was considered likely to carry replication genes. Transformants could be obtained by selecting for mercury resistance. Two deletion derivatives of pMO1045 obtained by transforming with a religated, partial EcoRI digest were of particular interest. The first, pMO1060, had suffered a large deletion; the only part of R91-5 remaining was the section between coordinates 38.95 and 1.1. Clearly, no part of EcoRI fragment C was necessary for plasmid maintenance and replication. The second pMO1045 deletion derivative, pMO1061, had suffered a small deletion extending from the site of the TnSOI insertion (coordinate 48.9) to the EcoRl site at coordinate 1.7 . No essential maintenance or replication genes could be mapped in the deleted region. Several BamHI-generated deletions of R91-5 had the region from the EcoRI site at coordinate 45.0 to the BamHI site at coordinate 45.5 deleted (as well as other regions) (pMO1065, pMO1066, and pMO1067). The only region which was not deleted in any R91-5 derivative was the 3.85-kb region between coordinates 45.5 and 48. 9 . The essential plasmid replication and maintenance genes had to lie within this small region.
Mapping of the origin of transfer. The origin of transfer (oriT) of a plasmid is a site which is required in cis for plasmid transfer (25) . In F plasmid the origin of transfer is the site at which the circular covalently closed plasmid molecule is nicked and from which the transfer of one strand of DNA to the recipient is initiated (9, 27). The position of a site required in cis for the transfer of R91-5 was determined by performing complementation tests for plasmid transfer between a series of deletion mutants and a carbenicillin-sensitive, Tra+ derivative of R91-5 (pMO818). By selecting for transfer of carbenicillin resistance and hence transfer of the deletion mutant, it was possible to determine whether the deletion mutants carried the site required in cis (Table 2) .
Of the 16 deletion mutants tested, only pMO1064, pMO1065, pMO1067, pMO382, and pMO1050 were complemented for transfer by the Cb' Tra+ mutant pMO818. The other mutants failed to complement for transfer. The mutants that did not transfer all contained an overlapping deleted region between coordinates 1.7 an 10.8. Therefore, oriT must lie between these coordinates. pMO1065 and pMO1067 had part of that region deleted (coordinates 6.2 to 10.8) and could still transfer out when complemented. Therefore, oriT must be within the 4.5-kb region between coordinates 1.7 and 6.2. Further proof and confirmation of the postulated (26) . However, we excluded plasmid recombination as an important factor in these complementation tests (7) .
b The deletion in pMO153 appeared to be identical to the deletion in pMO1055 (Fig. 4) . VOL. 149, 1982 on July 6, 2017 by guest http://jb.asm.org/ Downloaded from location of oriT must await the cloning of a small fragment enclosing this region and the demonstration that it is mobilizable.
The orientation of plasmid transfer (that is, which side of oriT is transferred early) can be determined indirectly. Krishnapillai et al. (Genetics, in press) have investigated the mobilization of the P. aeruginosa strain PAO chromosome caused by homology between chromosomally inserted Tnl elements and Tn) elements on the mobilizing plasmids. These authors found that R18 and R91-5 both mobilized the chromosome starting from the Tn) element, but in opposite directions. Markers on one side of the chromosomally inserted Tn) element were mobilized at a high frequency by R91-5 but at a low frequency by R18, whereas the reverse was true for markers on the other side of the Tnl element. Presumably, this difference in the direction of chromosome mobilization is a reflection of the opposite orientation of the homologous region (Tnl) with respect to the origins of transfer of R18 and R91-5. Although the position of oriT and the orientation of plasmid transfer are not known for R18, the position of oriT on RK2 (22) and the orientation of RP4 transfer (AlDoori et al. Genet . Res., in press) are known. As RK2 and RP4 are physically very similar if not identical to R18 on the basis of heteroduplex and restriction enzyme fragment analysis (5, 20) , the results obtained with these plasmids can be applied to R18. Assuming that physical similarity also reflects functional similarity and that the oriT region identified in R91-5 is indeed correct, in RP4 and R18 the end of Tnl carrying the carbenicillin resistance gene is transferred first. In R91-5 this end of Tn) must be transferred last so that the direction of transfer must be as shown in Fig. 5 , with the Tra2 region transferring first, followed by Tnl, the replication region, and Tral.
Complementation analysis of transfer by deletion mutants. By performing complementation tests between the deletion mutants and reference point mutants from each of the 10 transfer cistrons, we determined the order and locations of the tra cistrons. Such complementation data have been presented previously for the 3.6-kb (pMO382), 14.5-kb (pMO388), 14.9-kb (pMO386), and 16.6-kb (pMO384) deletion classes (7) . The data for pMO384, pMO386, and pMO388 were misinterpreted partially because these deletions do not carry oriT ( Table 2) . The traR, traS, and traU reference mutants used in the complementation tests were Cbs, and hence no plasmid transfer was detected when the plasmid doubles were constructed. Therefore, pMO384, pMO386, and pMO388 were believed to have traR, traS, and traU deleted (7). Subsequent complementation tests with CbF traR, (Fig. 3) . The arrow shows the direction of plasmid transfer from oriT. traS, and traU mutants have shown that pMO386 and pMO388 carry functional traR genes and that all three plasmids carry functional traS and traU genes (Table 3) . Therefore, the corrected data of Carrigan and Krishnapillai (7) show that pMO382 failed to complement traY and traT; pMO384 failed to complement traQ, -R, -T, -V, -X, and -Y, and pMO386 and pMO388 failed to complement traQ, -T, -X, and -Y. The complementation data for the other classes of Dps-deletion mutants and the in vitro deletions are shown in Table 3 . When these data and the knowledge of the physical locations of the deletions were considered, a partial order could be assigned to the 10 cistrons.
The cistrons traT and tra Y must be adjacent, as they are both deleted in pMO382. The deletion in pMO1066 extends only anticlockwise (as the map is shown in Fig. 3 and 5 ) from the deletion in pMO382 and has traX and traY deleted. Therefore, traX must be anticlockwise from traY, and traT must be situated clockwise.
The cistrons traT, -X, -Y, and -Q are deleted in pMO386 and pMO388, plasmids which carry deletions extending only clockwise from the VOL. 149, 1982 Hence, traV and traR must be clockwise from traQ. We isolated no deletions which allowed the ordering of traV and traR. The deletions in pMO1063 and pMO1064 extended further clockwise, and these mutants failed to complement mutants not only in the cistrons already mentioned but also in traU. Therefore, traU must be clockwise from traV and traR. The deletion in pMO1065 extends further clockwise, and complementation tests showed that traS and traZ were deleted along with the other cistrons mentioned above. We isolated no deletions which allowed the ordering of traS and traZ. In larger deletions (pMO1052, pMO1062, pMO1067, and pMO1068) the tenth cistron, traW, was also deleted, and hence traW must be clockwise from traS and traZ. Therefore, as deduced from the deletion analysis, the order of the cistrons is as follows: traX, -Y, -T, -Q, -(V, R), -U, -(S, Z), -W (the cistrons in parentheses could not be ordered with respect to each other). Cloning of regions carrying Tra genes. In an attempt to resolve the order of traV and traR and the order of traS and traZ and to map their locations more accurately we cloned fragments of the region in which these cistrons were located. To perform complementation tests for transfer between the cloned fragments and representative point mutants of R91-5, it was necessary to use a cloning vector which could replicate in P. aeruginosa; therefore, the commonly used E. coli vectors could not be used. Plasmid pKT210, a derivative of the broad-hostrange, non-transmissible plasmid RSF1010 (2) (24) . It is possible that such sequences may play a role in the formation of these Dps-deletion mutants.
Because many of the Dps-deletion mutants were identical, this group of mutants was of only limited use in the deletion analysis of the Tra genes. In an attempt to isolate a wider range of deletion mutants, we used an in vitro method to generate deletions. This method was particularly useful because, unlike the analysis of the Dpsmutants, it produced deletions in which the endpoints were known precisely. If it is necessary to know the endpoints of deletions, then this method is limited to use with those restriction endonucleases for which the positions of the restriction cleavage sites are known. As this method was very useful, it suggests that for a more complete analysis of R91-5 plasmid functions it may be used to map the sites of cleavage for a number of other restriction enzymes so that they too can be used to generate deletions. In this way it should be possible to order and to map accurately the two groups of cistrons which have yet to be ordered (traR and traV, and traZ and traS).
The in vitro deletions were particularly useful in determining the locations of the essential plasmid replication and maintenance genes. By selecting deletions from both R91-5 and its Tn501 insertion derivative (pMO1045), we have shown that the replication genes are in a 3.85-kb region between coordinates 45.5 and 48. 9 . Therefore, it appears that the replication genes are clustered in a single region. This is in contrast to the case with the only other P. aeruginosa plasmids for which details of replication are known, the R18-RP1-RP4-R68 wide-host-range group (IncP-1 plasmids which are believed to be identical) (5, 20) . Studies of the identical plasmid RK2, isolated from Klebsiella, have shown that three separate regions are needed for plasmid replication and maintenance (21) .
The mapping of the tra cistrons has shown that all 10 cistrons that have been characterized so far map in the Tra2 region. This is as expected, as all of these cistrons have representative mutants which are Dps-. It has been shown (Moore and Krishnapillai, submitted for publication) that the Tra2 region codes for the synthesis and functionality of the sex pili and hence for sensitivity to the donor-specific phages. The cistronic nature of the Tral region cannot be determined easily at present because no point mutants are available. It is likely that there are tra cistrons yet to be identified in the Tra2 region, as mapping data have shown that there are gaps between some cistrons, particularly in the region from tra Y to traQ. Transposon insertion mutants have been isolated in this region, and they all have a Tra-phenotype (Moore and Krishnapillai, submitted for publication). Now that the order of the tra cistrons is known and many potentially polar, transposon insertion mutants are available (15; Moore and Krishnapillai, submitted for publication), the elucidation of the transcriptional organization of the tra cistrons should be possible.
